In light of the debate on the circular economy, the EU strategy for plastics, and several national regulations, such as the German Packaging Act, polymeric foam materials as well as hybrid packaging (multilayered plastic) are now in focus. To understand the environmental impacts of various tray solutions for meat packaging, a comparative environmental assessment was conducted. As an environmental assessment method, a life cycle assessment (LCA) was applied following the ISO standards 14040/44. The nine packaging solutions investigated were: PS-based trays (extruded polystyrene and extruded polystyrene with five-layered structure containing ethylene vinyl alcohol), PET-based trays (recycled polyethylene terephthalate, with and without polyethylene layer, and amorphous polyethylene terephthalate), polypropylene (PP) and polylactic acid (PLA). The scope of the LCA study included the production of the tray and the end-of-life stage. The production of meat, the filling of the tray with meat and the tray sealing were not taken into account. The results show that the PS-based trays, especially the mono material solutions made of extruded polystyrene (XPS), show the lowest environmental impact across all 12 impact categories except for resource depletion. Multilayer products exhibit higher environmental impacts. The LCA also shows that the end-of-life stage has an important influence on the environmental performance of trays. However, the production of the trays dominates the overall results. Furthermore, the sensitivity analysis illustrates that, even if higher recycling rates were realised in the future, XPS based solutions would still outperform the rest from an environmental perspective.
Introduction
With around 8.3 billion metric tons produced since the 1950s and 6.3 billion metric tons generated as waste thus far [1] , plastics have become a ubiquitous part and parcel of anthropogenic lifestyle. Especially considering that 79% of all the generated plastic waste thus far globally have ended in landfills, the environmental impacts of plastics, in particular that from packaging materials, are now of increasing focus [1, 2] . Hence, several countries across the world in recent years have devised strategies and policies to avert the near-permanent risk of plastic pollution into the biosphere. They address both the consumption side (e.g., banning single-use plastics) and the end-of-life (EoL) management side [3] .
In the European Union (EU), with approximately 60% of the plastic waste stream emerging from packaging materials, the recently implemented Packaging and Packaging Waste Directive sets a mass-based recovery and recycling target, wherein 65% of packaging waste is ought to be recycled by the year 2025 and 70% by 2030, of which the target for recycled plastic content is 50% and 55%, respectively [2, 4] . In Germany, a similar Packaging Act (VerpackG) came into effect in January 2019 [5] .
These and several other regulations worldwide are now directed towards strengthening the concepts of extended producer responsibility (EPR) and product stewardship in order to monitor and potentially optimise the life cycle stages of plastics, primarily from an environmental perspective [3] .
One such popular concept in recent times, which is perceived as a pathway for sustainable development, is the Circular Economy (CE). CE aims to deviate from the linear production systems to a closed loop industrial ecosystem [6] . In doing so, it promises delinking continuous economic growth from the rising resource consumption of primary materials. This concept is embraced by the EU and several other countries including China, Japan, UK, Canada, Sweden and Finland [7] . In addition, adopted in 2018, the European strategy for plastics within the CE action plan has a greater emphasis on increasing quality of recyclates as well as achieving higher recycling rates through improving product design as key measures [2] . However, as a mass-based target, the European plastics strategy for CE neither provides sufficient guidance on the quality of the recycled materials nor sets any target to substitute a specific share of virgin materials [4] .
When exploring the effectiveness of the recycling of plastic trays in a CE, for the reduction of environmental impacts, the quality of the recyclates to substitute primary materials is often more important than the volume of waste recycled. Studies show that the quality of recycled plastics from post-consumer (PC) waste today is insufficient and therefore has limited usability and impedes their contribution to a CE [8] . PC waste recycling in general is a complex, expensive and low-margin business when compared to the processing of a rather clean post-industrial (PI) waste. Nonetheless, to achieve a functioning CE, it is vital that all waste streams are effectively recycled independent of their source.
In addition, the main challenge of CE arises from its practical implementation, wherein there is often an over-emphasis on recovery and recycling aspects but limited attention on expanding life-time and use intensity by reuse, refurbishing or repairing and most importantly reducing (consumption). Focusing on recycling alone, however, can lead to rebound effects resulting in higher environmental impacts emerging from both primary and secondary production [9] . Zink and Greyer [9] pointed to several convincing parallels to energy efficiency rebound in past studies. As discussed by Haupt and Zschokke [10] , environmental impacts mainly result from primary production and consumption, while, in comparison, the environmental impacts from waste management, although important, are nonetheless much lower.
Considering common criticisms that includes the lack of a scientific definition of CE [11] , as well as the impulse to simply close the loop ignoring the wider environmental impacts that generate from increased secondary production [9] based on an industrialised vision largely built on traditional recycling [11] , it is therefore important to quantitatively evaluate all possible EoL options in order to identify the net positive scenario or treatment pathway for a specific product or material. For example, Dinkel and Kägi [12] showed that, when comparing 57 beverage packaging options, the environmentally best option was not the most circular one. The most circular packaging option for milk was reusable glass bottle, while the most environmentally friendly option was the PE pouch.
Packaging plastic trays are a complex but necessary product that come in many shapes and sizes and are predominantly based on polyethylene terephthalate (PET), polypropylene (PP), polystyrene (PS) and to smaller extent on polylactic acid (PLA). Trays can consist of either single-material polymeric films or a multilayered films, and they can be rigid or foamed. The primary materials as well as the type of packaging depend on fulfilling several end-use needs such as storage, improving shelf-life, providing heat resistance, providing barrier properties, etc. [13] . Owing to their low density and poor optical sorting efficiency, PS based packaging and black plastics are now under scrutiny [14] , as they reduce overall recycling efficiency or negatively affect the quality of the recycled materials [15] .
Concerning the environmental evaluation of packaging trays, LCA studies have been carried out on recycled PET trays [16, 17] , extruded PS trays [17, 18] , (foamed) PLA [17, 19] , PP [17] and recycled moulded pulp [17] . Additionally, one study investigated plastic boxes made of PS, PLA and PLA-starch compound [20] , while Gallego-Schmid et al. [21, 22] analysed the environmental performance of different food containers made of XPS and PP among others. The study from Belley [17] focused on packaging trays for dry fruits and vegetables. Consequently, the results cannot be transferred for meat trays. Only the studies from Ingrao et al. [18, 19] and Wikström et al. [16] investigated the environmental impacts of meat trays made from XPS, foamed PLA and PET. Nonetheless, there is no study which investigated and consistently compared a broad spectrum of meat tray solutions against their environmental performance. In addition, no study has considered the influence of using recyclates and the influence of higher recycling rates at the end-of-life stage for meat trays.
In this regard, the purpose of this study was to compare various common tray solutions for meat packaging in Europe against their environmental impacts along their life cycle. In addition, against the background of circular economy strategies, it was attempted to understand the importance and influence of the end-of-life pathway for meat trays. Therefore, a life cycle assessment (LCA) to assess nine different types of meat packaging plastic trays (see Figure 1 ) was applied. This LCA study was subjected to a critical review in accordance with ISO 14040/44 [23, 24] . Section 2 presents the methodology, investigated products, systems under study and the implemented scenarios for EoL treatment. Section 3 provides the LCA results and interpretation for the investigated nine products across all environmental impact categories long with sensitivity analysis concerning various EoL scenarios. Section 4 contains the discussion.
Materials and Methods
To evaluate the environmental performance of meat trays along their life cycle starting from the extraction of raw materials to product disposal at the end-of-life (EoL), LCA is the most appropriate tool. It is a structured methodology which is standardised in ISO 14040/44 [23, 24] and allows assessing the potential environmental impacts in a product's life cycle. Apart from the product assessment, which allows manufacturers to become fully aware of the environmental consequences of their products, LCA is used for decisions on product procurement, design and optimisation of products. The purpose of this study was to compare the environmental performance of fresh meat packaging trays made from different plastics employing LCA following the ISO standards 14040/44 [23, 24] , including an external critical review.
The following nine materials were investigated in this study: extruded polystyrene closed cells foam (XPS CC), extruded polystyrene open cells foam (XPS OC), extruded polystyrene with five-layer structure containing ethylene vinyl alcohol (XPS-EVOH), polystyrene with five-layer structure containing ethylene vinyl alcohol (PS-EVOH), recycled polyethylene terephthalate (rPET), recycled polyethylene terephthalate with polyethylene layer (rPET-PE), amorphous polyethylene terephthalate (APET), polypropylene (PP) and polylactic acid (PLA). Figure 1 shows the investigated meat trays. All trays except of XPS OC have an absorption pad, although some are not illustrated in Figure 1 . PS-EVOH is not presented as this particular tray type is still in the R&D phase.
The system boundaries comprise the extraction of materials to the EoL excluding the use phase. This is a so-called "cradle-to-gate with end-of-life" approach. The production of meat, filling of the tray with meat, and sealing the trays are out of the scope of this study, since it is assumed that these processes are the same for all tray systems under consideration. The product use phase is also excluded since it is assumed that all the content is consumed and the user behaviour is independent from the tray solution. Finally, as shelf life (packaging properties to protect the food) is not only influenced by the tray itself but strongly depends on the sealing film and the storage conditions, it is therefore not considered. Figure 2 illustrates the scope and system boundaries of the LCA study.
The functional unit (FU) for this study is defined as a "tray with a volume of about 1 L for preserving 500 g of fresh meat". All investigated tray types allow for absorbing liquids released from the meat. This is achieved through an absorption pad except in the case of XPS OC which allows absorbing liquids without additional pad due to distinctive design. The investigated tray sizes were 230 mm × 145 mm × 40 mm, 223 mm × 135 mm × 40 mm, and 218 mm × 135 mm × 40 mm, while the Sustainability 2019, 11, 5324 4 of 18 base materials of packaging products were PS, PET, PP, and PLA. Nonetheless, all tray types refer to the same volume (1 L) and the same amount of meat which is packaged (500 g portion of red meat).
The following nine materials were investigated in this study: extruded polystyrene closed cells foam (XPS CC), extruded polystyrene open cells foam (XPS OC), extruded polystyrene with fivelayer structure containing ethylene vinyl alcohol (XPS-EVOH), polystyrene with five-layer structure containing ethylene vinyl alcohol (PS-EVOH), recycled polyethylene terephthalate (rPET), recycled polyethylene terephthalate with polyethylene layer (rPET-PE), amorphous polyethylene terephthalate (APET), polypropylene (PP) and polylactic acid (PLA). Figure 1 shows the investigated meat trays. All trays except of XPS OC have an absorption pad, although some are not illustrated in Figure 1 . PS-EVOH is not presented as this particular tray type is still in the R&D phase. Table 1 shows the different products, their average material weights with and without liner in grams, and the used film and the film structure of the materials for different meat packaging trays. The primary data were provided by the tray producing companies silver plastics ® GmbH & Co. KG (Troisdorf, Germany) and Sirap Gema SpA (Verolanuova (BS), Italy) whose processes can be seen as representative for other European tray producers. No major technological differences or notable difference in product designs is expected in comparison to other European tray producers. Due to confidentiality, only the necessary inventory data are presented. The collected data reflect average figures for the year 2018. The primary data cover the material composition of trays (type and amounts), additives (amounts and types), auxiliary materials for extrusion, foaming agents, transport distances of raw materials, consumables and supplies used for the production of trays, the electricity demand for extruders or deep drawing machines, consumables for transporting materials within the production plant, the amount and types of production residues, the energy demand for different machines allowing internal recycling of residues, materials and energy requirements to produce absorption pads including transport distances from suppliers, the electricity demand to place absorption pads into the trays, the packaging materials for secondary packaging, and amounts of production wastes and spatial distribution of sales markets.
For modelling the absorption pad, a product composition of approximately 64% cellulose, 10% super absorber and 26% PE film was assumed. The super absorber was modelled based on the life cycle inventory data published for sodium poly-acrylate [25] . Primary data were complemented with background data taken predominantly from the GaBi databases [26] service pack version 38. The background data are listed in the Supplementary Materials (SM) in Table S2 . For the assessment, average values, e.g., regarding material and energy demands from the primary data provided by both companies, were used. For calculating the environmental impacts, the International Life Cycle Data (ILCD) method (ILCD/PEF recommendation v1.09) was used [27] . During the production process of trays, residues occur from extrusion (~2%) and deep drawing (~30%). For internal recycling of production residues, it was assumed that they undergo further processing in all the investigated cases (as in closed-loop recycling). Production residues that are not recycled into the same product replace virgin material in other products (open-loop recycling), either internally or externally. As for closed-loop recycling, for the cases involving open-loop recycling, a 100% credit for substituting virgin materials is considered. This assumption, however, does not incentivise for internal recycling, which should be favoured.
For modelling the EoL, two scenarios were investigated. Scenario 1 (base case) investigated the current EoL management situation in Europe, namely in Italy, France, and Germany [28] [29] [30] [31] . Although PET waste can be recycled, PET trays are commonly not recycled, e.g., because sorting machines cannot differentiate between PET and PET-PE trays. Scenario 2 (forecast case) is based on the European strategy for plastics in a circular economy in 2030. It is assumed that multilayer trays, PET and PLA trays as well as any foamed trays are not recycled today. They end up in landfill, in waste incineration or in the production of refuse-derived fuel (RDF). Monolayer PP trays may additionally be recycled. To calculate the shares of material ending up in the different EoL pathways, the recycling situation in Italy, France, and Germany was combined with the information provided by the two tray producers. Hence, the distribution of EoL pathways presented in Table 2 was set up. The share of waste that is directed to produce refuse-derived fuels (RDF) was assigned to waste incineration due to lack of background data for the production of RDF and its application. A detailed summary of the EoL pathways in Europe in 2018 is provided in Table S1 in the SM. For distributing burdens among products, waste, and recyclates, the polluter pays principle (PPP) was applied as suggested by the Product Category Rules for packaging [32] . In the case of thermal treatment, credits were given for energy recovery. In contrast, for recycling of trays at the EoL-following the PPP-no environmental impacts were considered for the recycling process and no credits were given for the recyclate. Consequently, benefits of recycling in-line with the PPP were taken into account for the product that uses the recyclates and not for the product that delivers these recyclates (starting material). In the case of using rPET as starting material, the PET bottle waste is assumed to have zero burdens. Following the PPP, the carbon footprint of rPET is calculated to be 0.74 kg CO 2 -eq./kg rPET. Compared to the carbon footprint of virgin PET (2.95 kg CO 2 -eq./kg PET, cradle-to-gate), the carbon footprint of rPET is rather low.
To understand the influence of EoL impacts caused by future developments, a forecast EoL scenario for 2030 was investigated in accordance to the targets listed in the European strategy for plastics in a circular economy [2] . The strategy demands that all plastic packaging placed on the EU market is either reusable or can be recycled cost-effectively by the year 2030. By the year 2030, the recycling rate of plastics in packaging is targeted to be 55% [4] and landfilling is reduced to a maximum of 10% according to the Circular Economy Package. Consequently, incineration will be limited to a maximum of 35%. To fulfil these ambitious recycling targets, it is assumed that all types of plastics, namely foamed, multilayer and rigid plastics will be recycled in the future. PLA is assumed to be thermally treated since recycling technology will probably not be established until the year 2030 due to small amounts of this plastic in the market. However, the recycling of PLA can reduce environmental impacts of PLA considerably [33] . Table 3 summarises the shares of EoL options for the year 2030 following the European strategy for plastics in a circular economy. For consistency, the influence of Sustainability 2019, 11, 5324 7 of 18 a future power mix is analysed additionally. To reflect impacts from future power generation, the following GaBi-datasets are considered both for production processes and for substitution processes in the EoL: "EU-28: Electricity grid mix (2030)", "IT: Electricity grid mix (2030)" and "DE: Electricity grid mix (2030)". The Gabi datasets refer to inventory data partly based on primary industry data and partly on secondary data published in [34] . The life cycle model was set up in the GaBi software, version 8. The model consists of the following process modules: (1) polymer production; (2) production of additives and fillers; (3) auxiliaries; (4) transport to extrusion; (5) extrusion; (6) storage of rolls; (7) multilayer production and transport; (8) lamination; (9) thermoforming; (10) recycling of residues; (11) credits for open-loop recycling (residues); (12) absorption pad production; (13) secondary packaging; and (14) EoL tray. The LCA model is shown in Figure S1 in SM.
Results

Life Cycle Impact Assessment
The carbon footprint (greenhouse gas (GHG) emissions excluding biogenic carbon) of the nine tray alternatives are presented in Figure 3 . To increase transparency, the net GHG emissions per tray are visualised (marked as diamonds). To improve the readability of the bar chart, the footprint of the process "credit residues" is not displayed individually but is included in the footprint of the process "polymer production". Here, the carbon footprint of polymer production considers both the reduction of the footprint by closed-loop recycling (internal recycling) and the credits considered for open-loop recycling (external recycling).
When analysing XPS based trays, the tray made of XPS (closed cells) shows the lowest carbon footprint (0.039 kg CO 2 -eq./tray) followed by the XPS tray with open cells (0.045 kg CO 2 -eq./tray). The PS-based multilayer alternatives XPS-EVOH and PS-EVOH show a higher carbon footprint: 0.051 and 0.071 kg CO 2 -eq./tray, respectively.
When analysing PET based trays, the APET-based tray shows the highest carbon footprint with 0.103 kg CO 2 -eq./tray. The use of recycled PET (rPET) instead of virgin PET (APET) allows reducing the carbon footprint by approximately 40%. In comparison, the mono-material rPET performs better (0.063 kg CO 2 -eq./tray) than the multilayer alternative rPET-PE (0.067 kg CO 2 -eq./tray).
Finally, the trays made of PP and PLA show a similar carbon footprint (0.049 and 0.054 kg CO 2 -eq./tray). For the case of PLA, the biogenic carbon is not accounted for since the amount of CO 2 incorporated in PLA is released to the atmosphere by thermal treatment during the EoL stage. In the case of PLA, in the EoL stage, GHG savings are realised from energy recovery in a municipal solid waste incinerator (MSWI), as the savings realised by the substitution of fossil energy exceed the direct GHG emissions during the incineration. In all other cases, GHG emissions from EoL treatment exceed possible savings from recycling or energy recovery. Consequently, inclusion of the EoL stage shows net GHG emissions (marked as diamond) for each tray type.
The polymer production (in the form of granulates) and the GHG emissions from EoL treatment mostly contribute to the total GHG emissions. The polymer production contributes between 25% (for rPET) and 63% (for PLA) to the overall GHG emissions. In the case of multilayer solutions, the process "multilayer production and transport" needs to be attributed to polymer production. The EoL stage contributes to a 11% savings (for PLA) and 38% burdens (for rPET) towards the product carbon footprint.
Apart from polymer production and EoL treatment, the extrusion process, in particular in the case of PET-based trays, shows a significant contribution to the overall carbon footprints. Although the absorption pad weights only about 2 g, its impact on climate change is also notable. Thermoforming, additives, auxiliaries, recycling of residues, storage of produced product rolls, lamination, packaging and transportation also play a minor role regarding climate change.
Apart from the global warming impact, several other impact categories were investigated. Figure 4 summarises all the environmental impacts for the investigated tray solutions. In the case of acidification, a similar pattern of environmental impacts was observed as that found for global warming. Wherein, XPS mono-material solutions perform better than PP and PET solutions, while PLA shows the highest impacts. The lowest acidification impact is observed for the XPS OC tray. One reason is that the production of the absorption pad notably influences the acidification results, as shown in Figure S2 in the Section 5. In particular, relevant contributions to the acidification potential result from the cotton fibre production used for the absorption pad.
The results for freshwater eutrophication perform similar to those for acidification. Here again, beside impacts caused by the EoL treatment and the polymer production, the cotton production for the absorption pad mainly influences the results. Accordingly, XPS OC shows the lowest impacts on In the case of PLA, in the EoL stage, GHG savings are realised from energy recovery in a municipal solid waste incinerator (MSWI), as the savings realised by the substitution of fossil energy exceed the direct GHG emissions during the incineration. In all other cases, GHG emissions from EoL treatment exceed possible savings from recycling or energy recovery. Consequently, inclusion of the EoL stage shows net GHG emissions (marked as diamond) for each tray type.
Apart from the global warming impact, several other impact categories were investigated. Figure 4 summarises all the environmental impacts for the investigated tray solutions. In the case of acidification, a similar pattern of environmental impacts was observed as that found for global warming. Wherein, XPS mono-material solutions perform better than PP and PET solutions, while PLA shows the highest impacts. The lowest acidification impact is observed for the XPS OC tray. One reason is that the production of the absorption pad notably influences the acidification results, as shown in Figure S2 in the SM. In particular, relevant contributions to the acidification potential result from the cotton fibre production used for the absorption pad. To compare the relative advantageousness of the nine different tray solutions, the highest observed impact was set to 100%. Figure 5 compares different tray solutions concerning their relative environmental performance. In comparison, XPS OC shows the lowest impacts in most of the investigated impact categories and PLA the highest. PET-based trays perform worse than XPS trays The results for freshwater eutrophication perform similar to those for acidification. Here again, beside impacts caused by the EoL treatment and the polymer production, the cotton production for the absorption pad mainly influences the results. Accordingly, XPS OC shows the lowest impacts on freshwater eutrophication. With regard to marine and terrestrial eutrophication, lowest impact result from XPS solutions followed by PP, PET and PLA.
When analysing the impact on ionising radiation, all tray solutions show negative impacts except for trays made from PP and PLA. The negative impacts result from credits given for energy recovery in the EoL treatment. Impacts on ionising radiation mainly emerge from nuclear power generation which is part of the electricity grid mix. Consequently, notable contributions result from extrusion and thermoforming processes which consume electricity. In the case of PLA trays, energy recovery from EoL treatment is smaller than the energy recovery from other plastics. This is because PLA has a lower heating value (17.9 MJ/kg) compared to other plastics (PS, PP and PET with~39,~31 and 22 MJ/kg respectively).
Land use is mainly driven by two aspects: production of cotton for the absorption pad and the production of corn for producing PLA. Accordingly, XPS OC performs best followed by all others tray solutions except of PLA which performs the worst.
In the case of ozone depletion, there are very low impacts caused by any of the investigated meat tray solutions. XPS OC shows the lowest impact since the absorption pad production mainly contributes to the ozone depletion potential. However, PLA production shows higher impacts compared to PS-, PP-or PET-based trays.
Particulate matter can result, e.g., from transportation processes or agricultural activities, which is why again the lowest impact is from XPS OC which does not require an absorption pad (cotton production). Since the production of PLA requires additional agricultural activities and goes along with longer transportation distances (PLA is provided by NatureWorks LLC, Minnetonka, MN, USA), the highest impacts of particulate matter are calculated for the PLA tray. PET-based trays and the PP tray show slightly higher impacts compared to XPS-based mono material trays. XPS-EVOH and PS-EVOH perform similarly to PET-based trays and the PP tray. As highlighted in Figure S3 in the SM, apart from agricultural activities and transportation, polymer production, electricity for extrusion as well as thermoforming contribute to the overall impacts.
With regard to photochemical ozone formation, XPS and rPET show the lowest impacts. Higher impacts were observed for APET and PLA. In both cases, the polymer production was mainly responsible for the higher impacts.
Looking at water depletion, the PS-based trays perform best. Water depletion can be traced back in particular to agricultural activities (irrigation for corn production required as feedstock for PLA, cotton production for absorption pad) and the electricity generation needed in particular for extrusion and thermoforming.
Finally, resource depletion addresses the decreasing expected lifetime of worldwide resources and reserves due to the extraction of resources. The life cycle impact assessment (LCIA) results are shown in Figure 4 . The highest impacts were calculated for XPS-based trays due to the use of talcum (mining of talc) and titanium dioxide (mining of ilmenite). The production of EVOH also contributes to resource depletion, as visualised in Figure S4 in the SM. The use of fossil raw materials for electricity generation leads to resource depletion, too. Consequently, electricity consuming processes such extrusion and thermoforming also contribute to fossil depletion. However, the recovery of energy in a MSWI at the EoL yields credits as resources for power generation, primarily from fossil fuels, can be saved elsewhere.
To compare the relative advantageousness of the nine different tray solutions, the highest observed impact was set to 100%. Figure 5 compares different tray solutions concerning their relative environmental performance. In comparison, XPS OC shows the lowest impacts in most of the investigated impact categories and PLA the highest. PET-based trays perform worse than XPS trays across all investigated impact categories except for resource depletion. When comparing APET to rPET to rPET-PE, APET performs worst followed by rPET-PE and rPET. The comparison between XPS and PP shows lower impacts from XPS except in the case of resource depletion. The reason for the high impacts of XPS towards the impact category resource depletion is driven by the use of additives, namely talcum (mining of talc) and titanium dioxide (mining of ilmenite).
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Sensitivity Analysis on End-of-Life
By 2030, the European Commission demands an increase in recycling of plastics. The mass-based recycling target is expected to be 55% and landfill is limited to 10%. Consequently, the remaining fraction of 35% would be incinerated. Considering this EoL scenario (EoL Plastics Strategy 2030) for all trays, except for PLA where 100% incineration was assumed, the carbon footprint decreases, as shown in Figure 6 in comparison to the base case scenario (year 2018). The benefits towards the reduction of global warming impact when considering the European Plastics Strategy scenario lies between 6% (for PLA) and 22% (for rPET). Furthermore, when changing the background data for electricity generation to reflect the electricity mix for 2030 in Europe, the results were similar (orange vs. grey bars in Figure 6 ). In this case, the reduction of environmental impacts caused by the production of trays through the use of "greener" power offset the reduction of savings realised by energy recovery at their EoL.
However, environmental impacts might also increase in other impact categories. Table 4 shows the improvements or savings (negative numbers) and also the increase in environmental impacts (positive numbers). Savings are mainly achieved in two impact categories: global warming and freshwater eutrophication. In the case of ozone depletion, no differences occur as a consequence of the change of EoL pathways, as the EoL only accounts for a small contribution, and furthermore incineration of PLA is environmentally beneficial compared to landfilling due to energy recovery [33] . For PLA, most of the investigated environmental impacts decrease. In the case of ionising radiation, savings calculated in the base case scenario switch to emissions due to less energy recovery along with the substitution of nuclear power. This change of sign is symbolised by ">" in Table 4 . Figure 5 . Relative contributions of all investigated meat tray solutions (AP, acidification potential; GWI, global warming impact excluding biogenic carbon; EF, freshwater eutrophication potential; EM, marine eutrophication potential; ET, terrestrial eutrophication potential; IR, Ionising radiation potential; LU, Land use; OD, ozone layer depletion potential; PM, particulate matter potential; POF, Photochemical ozone formation potential; RD, water, resource depletion water; RD, fossil, resource depletion, mineral, fossils and renewables).
Sensitivity Analysis on End-Of-Life
By 2030, the European Commission demands an increase in recycling of plastics. The mass-based recycling target is expected to be 55% and landfill is limited to 10%. Consequently, the remaining fraction of 35% would be incinerated. Considering this EoL scenario (EoL Plastics Strategy 2030) for all trays, except for PLA where 100% incineration was assumed, the carbon footprint decreases, as shown in Figure 6 in comparison to the base case scenario (year 2018). The benefits towards the reduction of global warming impact when considering the European Plastics Strategy scenario lies between 6% (for PLA) and 22% (for rPET). Furthermore, when changing the background data for electricity generation to reflect the electricity mix for 2030 in Europe, the results were similar (orange vs. grey bars in Figure 6 ). In this case, the reduction of environmental impacts caused by the production of trays through the use of "greener" power offset the reduction of savings realised by energy recovery at their EoL. Sustainability 2019, 11, x FOR PEER REVIEW 12 of 17 Figure 6 . Results for global warming impact considering today's EoL scenario (base case, Table 2 ) and the EoL according to the European Plastics Strategy 2030 (Table 3) . (Table 3 ).
However, environmental impacts might also increase in other impact categories. Table 4 shows the improvements or savings (negative numbers) and also the increase in environmental impacts (positive numbers). Savings are mainly achieved in two impact categories: global warming and freshwater eutrophication. In the case of ozone depletion, no differences occur as a consequence of the change of EoL pathways, as the EoL only accounts for a small contribution, and furthermore incineration of PLA is environmentally beneficial compared to landfilling due to energy recovery [33] . For PLA, most of the investigated environmental impacts decrease. In the case of ionising radiation, savings calculated in the base case scenario switch to emissions due to less energy recovery along with the substitution of nuclear power. This change of sign is symbolised by ">" in Table 4 . 
Discussion
Discussions of Results
The LCIA results reveal that meat trays made from XPS OC show the lowest impacts in most of the investigated impact categories while trays made from PLA have the highest. In general, foam solutions (XPS trays) allow for reducing the material demand which dominates the LCIA results. In addition, XPS-based trays weigh less than PP-, PLA-and PET-based trays. Consequently, all of these materials perform worse than XPS trays across all investigated impact categories except for resource depletion. Multilayer-solutions do not allow for material reductions compared to mono-material solutions and are difficult to recycle and therefore show higher environmental impacts. These disadvantages are also reflected by the LCIA results. Hence, mono-material solutions should be preferred upon multilayer solutions.
The use of recyclates as starting material for tray production allows for the reduction of environmental impacts. Accordingly, rPET shows lower environmental impacts compared to APET. Principally, PS-based trays might also be also produced from recycled PS [35, 36] . This case was not investigated within this study since there is no recycled PS for food applications on the market. However, we expect lower impacts for trays made from recycled PS. To realise these savings, we encourage the industry to speed up developments for the recycling of styrenic waste streams. Trays made of PLA show high environmental impacts except for global warming. This is partly due to the higher weight of the rigid design and partly due to the burdens from agricultural operations. The alleged benefit of compostability does not offer any environmental advantages since composting of PLA is the worst EoL option compared to recycling or thermal treatment [33] . Moreover, since meat trays are normally not littered but collected by the waste disposal system, compostability is not applicable for this application. The contribution analysis show that the EoL stage has an important influence on the environmental performance of trays but that the production of the tray dominates the overall results. Furthermore, the sensitivity analysis illustrated that, even if higher recycling rates were realised in the future, XPS solutions would still perform best from an environmental perspective.
Similar results were found in other studies investigating PS based take away food containers. According to Gallego-Schmid et al. [21] , extruded polystyrene containers have the lowest environmental impacts compared to food containers made from aluminium or PP. This is mainly because of the lower material and electricity demand for their production. In the case of packaging for vegetables and fruits, Belley found that trays made from XPS and moulded pulp have the best overall performances while trays made from PLA, PET and PP perform the worst [17] .
Limitations of the Study
The scope of the conducted study only focused on the direct environmental impact of the tray itself and not its content (meat). As investigated by Wikström et al. [16] , food waste might also be influenced by packaging solutions. Environmental impacts caused by meat are much higher compared to that from packaging and can be around 20 kg CO 2 -eq./500 g in the case of US beef [37] . Secondly, the choice of tray material and tray design influences the shelf life of meat and therefore could be a relevant aspect. However, other aspects such as the type of tray sealing or storage conditions are also important regarding shelf life. The consideration of these excluded aspects (indirect environmental impacts of packaging) might lead to different results [38] .
In this study, only meat trays already on the market were analysed. In particular, innovative designs might help to decrease the environmental footprint of meat trays. For example, Footprint International LLC offers pulp-based meat trays [39] . However, although pulp-based materials might offer a good environmental performance, it needs to be analysed whether the application of chemicals to achieve water, oil and water vapor barriers such as fluorine containing emulsions leads to environmental hazards.
The scope of this study and therewith the analysed results for various tray solutions refer to European consumption with focus on Germany and Italy as production sites. Depending on the local conditions such as the national electricity mix, the environmental performance of the tray solutions can be different in other countries.
Finally, the results as presented within this study are influenced by the selected background data, which are shown in Table S2 in the SM. The use of other datasets or possible future updates of datasets can lead to different results. For this reason, the results are exclusively valid for the chosen background data and point in time.
Implications of the Study
In the framework of the European Strategy for Plastics in a Circular Economy [40] , the European Joint Research Centre (JRC) explored innovative materials and alternative feedstock for plastics production. The study clearly shows that they are more sustainable options compared to traditional fossil-based feedstock [41] . Besides bioplastics or plastics made from CO 2 (CO 2 -methanol-olefin route), recycled plastics in particular promise a better environmental performance. Nonetheless, case-by-case investigations should be conducted to examine which production, design and EoL strategies can reduce the overall environmental impact.
Furthermore, the JRC study has also identified a series of plastic products that need further scientific investigation from an LCA perspective [41] . According to this study, amongst other plastic products the environmental impact of diverse packaging trays should be comprehensively assessed. We hope the LCA results and its interpretation presented in this paper contribute to the ongoing discussions.
Finally, although CE strategies can improve the environmental performance of products, the improvement potential for short-life products such as food packaging trays is rather limited compared to products with longer lifespan. This is because, the biggest improvements of employing CE strategies are typically realised in the use stage, e.g., by the extension of the use-stage by reuse, refurbish, repair, etc. However, in the case of short-life products, it should be carefully weighed whether environmental benefits through recycling outweigh benefits of low material demands (e.g., as achieved by foamed plastics).
In conclusion, there are several initiatives, actions and strategies within the EU and globally that aim to address the plastic waste problem. Nonetheless, it is unclear whether these strategies will contribute to overall sustainability or present an enhanced industrialised vision for recycling. This LCA study clearly shows that, in the case of meat packaging trays, the net benefits derived primarily from low plastic demand for the tray production outweigh possible benefits from their recycling.
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